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Abstract. We create isochrones of M67 using the Yale Rotating Stellar Evolution Code. In addition to metal-
licity, parameters that are traditionally held fixed, such as the mixing length parameter and initial helium abun-
dance, also vary. The amount of convective overshoot is also changed in different sets of isochrones. Models
are constructed both with and without diffusion. From the resulting isochrones that fit the cluster, the age range
is between 3.6 and 4.8 Gyr and the distance is between 755 and 868 pc. We also confirm Michaud et al. (2004)
claim that M67 can be fit without overshoot if diffusion is included.
1 Introduction
A better understanding of stellar properties and ages is cru-
cial to many fields of astronomy. One widely used method
of studying stellar clusters is isochrone fitting. Since stars
in a stellar cluster formed around the same time and under
the same physical conditions, they have a very small age
and metallicity distribution. As a result, the cluster prop-
erties (for example age, distance, reddening, and metal-
licity) can be estimated through the fitting of isochrones.
The properties of the isochrone that best fit the cluster’s
CMD can be used to estimate the properties of the cluster
itself. While stellar ages and other properties determined
through isochrone fitting are not as precise as asteroseis-
mic methods, obtaining a basic age and property estimate
(i.e. mass) of stars helps us later know what frequencies
to expect. Here we will generate and fit isochrones to the
M67 cluster data, allowing for a wider range of free param-
eters in our isochrone construction than is typically used.
The M67 cluster (NGC 2682) is the nearest open clus-
ter that is around the solar age. It is estimated to be
between 800 and 900 pc away (e.g. as in Sarajendini
et al., 2009) at an age of around 4 Gyr (Richer et al.,
1998). The cluster has a metallicity around solar, with
[Fe/H] = 0.00 ± 0.06 (Heiter et al., 2014) and a redden-
ing of E(B − V) = 0.041 ± 0.004 (Taylor 2007). A color
magnitude diagram (CMD) of M67 can be seen in Figure
1 (data from Geller et al., 2015). It is of importance to note
that the M67 CMD has a distinctive “hook” feature below
the main sequence turn-off. Any isochrone produced must
also have this feature in order to be considered a reason-
able fit to the cluster.
While many resources currently exist for the quick
generation of a desired set of isochrones, such as the YY
isochrones (Yi et al., 2001), PARSEC isochones (Bres-
san et al., 2012), and BaSTI isochrones (Pietrinferni et al.,
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Figure 1. Color magnitude diagram for M67, data from Geller et
al. (2015). Note the hook-like feature below the main sequence
turn-off.
2004), these methods are limited in the number of param-
eters that the user can fine-tune and control. For example,
the mixing length, initial helium abundance, and the inclu-
sion and amount of diffusion or convective overshoot. As
a result, we generated our own set of isochrones through
the creation of stellar models, allowing these parameters
which are typically held fixed to vary.
The difficulties in accurately modeling convection led
to the use of the “mixing length theory" approximation
(Böhm-Vitense 1958). Here the mean-free path that a con-
vective element travels is determined by αHP where HP is
the pressure scale height and α is the mixing length param-
eter. Traditionally, the value of α is determined by creating
a solar model. To do this, a relation between metallicity,
Z, and Y0 is assumed. Then the value of α is adjusted until
the model has a luminosity of 1 L and radius 1 R at the
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Figure 2. The isochrones that fit the M67 CMD. To be a reasonable fit isochrones had to fit the main sequence, turn-off, giant branch,
and reproduce the hook-like feature in the CMD. There were 10 such isochrones that fit the M67 CMD. The legend refers to rows in
Table 1 where the parameters of the isochrones are listed.
solar age. Typically isochrones are then created with the
values of α and Y0 held fixed. This investigation however
will allow both α and Y0 to be free parameters.
It is also of interest to examine the need for convec-
tive overshoot or diffusion in M67. Michaud et al. (2004)
shows that the M67 CMD can be fitted with isochrones of
models without overshoot if diffusion is included. Addi-
tionally, from spectroscopic results Önehag et al. (2014)
claims M67 must have diffusion. Isochrones with vary-
ing degrees of diffusion and overshoot will be created for
M67.
This article is organized as follows. Section 2 dis-
cusses the creation of the stellar models and isochrones,
Section 3 describes the isochrone fitting to the CMD as
well as the results, and Section 4 summarizes the best-fit
parameters and provides concluding remarks.
2 Stellar Models
The stellar models were all created using the Yale Rotat-
ing Evolutionary Code (YREC) (Demarque et al., 2008).
The OPAL equation of state (Rogers & Nayfonov 2002)
was used along with the OPAL high temperature opacities
(Iglesias & Rogers 1996) and low temperature opacities
(Ferguson et al., 2005). The Adelberger et al. (1998) nu-
clear reaction rates were used, with the Formicola et al.
(2004) value for the 14N(p, γ)15O reaction. In all cases
the solar value of Z/X = 0.023 was used (Grevesse &
Sauval 1998) and models were created using the Edding-
ton T-τ relation in the atmosphere.
The models created spanned a wide range of parameter
space. Models ranged in mass from M = 0.65 to 1.50
M, metallicity of [Fe/H] = −0.1, 0.0, and 0.1, initial He
abundance from Y0 = 0.248 to 0.320, convective overshoot
of 0.0, 0.2, and mass-dependent (from Demarque et al.,
2004), and mixing lengths of α = 1.5 to 2.0. Additionally,
models were created both with and without diffusion. The
mass based overshoot, from Demarque et al. (2004), gives
the following overshoot coefficient (Λos) values:
Λos = 0.00 for M < Mcrit,
Λos = 0.05 for M = Mcrit,
Λos = 0.10 for M = Mcrit + 0.1,
Λos = 0.15 for M = Mcrit + 0.2,
Λos = 0.20 for M > Mcrit + 0.2,
where M and Mcrit are in solar units. The value of Mcrit
depends on metallicity, as well as the composition of the
star in terms of the X, Y , and Z abundance ratios. For this
set of models Mcrit = 1.2 M.
For the models with diffusion, the diffusion coefficient
was set as 1 for masses below 1.25 M and for masses
larger than 1.25 M was given by
diff coefficient = exp
(−(M − 1.25)2
2(0.085)2
)
(1)
In this way the value of the diffusion coefficient smoothly
decreased for stars more massive than 1.25 M.
Table 1. The model physics and the best fit values for the isochrones that were reasonable fits to the M67 CMD. These are the
isochrone parameter combinations which were able to reproduce the M67 main sequence, turn-off, giant branch, and “hook” feature.
Model Physics Best Fit Values
Row Reference
Number Diffusion Overshoot [Fe/H] α Y0
Age
(Gyr)
Reddening
E(B − V)
Distance
Modulus
1 Yes None 0.1 2.0266 0.267 4.8 0.000 9.616
2 Yes None 0.1 2.0266 0.320 4.2 0.022 9.495
3 Yes None −0.1 2.0266 0.320 3.7 0.096 9.398
4 Yes 0.2 0.1 2.0266 0.248 3.9 0.015 9.693
5 Yes 0.2 0.0 2.0266 0.320 3.6 0.062 9.527
6 Yes 0.2 −0.1 2.0266 0.320 3.8 0.087 9.390
7 Yes Mass-Based 0.0 2.0266 0.248 4.4 0.035 9.608
8 Yes Mass-Based 0.0 2.0266 0.320 3.9 0.059 9.443
9 Yes Mass-Based −0.1 2.0266 0.248 4.1 0.071 9.520
10 Yes Mass-Based −0.1 2.0266 0.267 3.9 0.085 9.513
2.1 Results
2.2 Fitting Isochrones to the Cluster CMD
For each set of parameters, isochrones for M67 were cre-
ated at different ages. The best fit age, distance modu-
lus, and reddening value for each set of parameters was
then determined using 2-dimensional χ2 fitting between
the points of the M67 CMD (Geller et al., 2015) and the
isochrone. Only M67 stars with radial velocity member-
ship probability of 90% or greater were used (from Geller
et al., 2015). Allowing the distance modulus, reddening,
and age to be free parameters, a χ2 value for both the mag-
nitude, V , and the color, B − V , was determined for each
star in M67. These χ2V and χ
2
(B−V) values were summed to
create the parameter χ2total. The age, reddening, and dis-
tance modulus combination that produced the lowest χ2total
was determined to be the best-fit isochrone for that model
parameter set.
For each combination of model parameters, the best-
fit isochrone was then visually inspected to determine if
the isochrone was indeed a reasonable or realistic fit to the
M67 cluster. In other words, that the isochrone fit the main
sequence, turn off, giant branch, and reproduce the “hook”
in the CMD. There were 10 best-fit isochrones that were
reasonable fits to the M67 CMD. The properties of these
isochrones are listed in Table 1 and they are plotted along
with the M67 CMD in Figure 2.
2.3 Effects of Model Physics on the M67 “Hook”
From the generated isochrones we can also investigate the
parameters which give rise to the hook-like feature in the
M67 CMD. As expected, isochrones without any diffusion
and without any convective overshoot do not reproduce the
hook. Models with convective overshoot do reproduce the
hook in the CMD. However, we see that overshoot is not
required to reproduce the hook if diffusion is included in
the models. This confirms Michaud et al. (2014) claim that
convective overshoot is not needed to model M67 if diffu-
sion is implemented. A comparison of different isochrone
properties and their effects on creating a hook-feature can
be seen in Figure 3. In Figure 3 the isochrones are iden-
tical except with respect to their convective overshoot and
diffusion amounts. The blue isochrone has neither over-
shoot or diffusion and fails to reproduce the hook feature.
The green isochrone has no diffusion but does include con-
vective overshoot and as a result has a hook in the CMD.
The red isochrone does not have convective overshoot but
does implement diffusion and also is able to reproduce this
hook-like feature.
3 Conclusions
From the isochrones that fit the cluster, as seen in Ta-
ble 1, we can get an age, distance, and reddening range.
This gives an age of between 3.6 and 4.8 Gyr, a dis-
tance between 755 and 868 pc, and a reddening between
E(B − V) = 0.000 and 0.096. These ranges all agree well
with the M67 parameter values from literature discussed
in Section 1.
The best-fit isochrone has an age of 4.4 Gyr, distance
of 834.9 pc, metallicity of [Fe/H] = 0.0, and reddening of
E(B − V) = 0.035. The physics of the best fit isochrone is
with diffusion included, a mass-based overshoot, a mixing
length of α = 2.0266, and an initial He abundance of Y0 =
0.248.
We have also demonstrated the importance of allow-
ing parameters that are generally held constant to vary and
the effect that convective overshoot and diffusion can have
on isochrone behavior. These results provide a good basis
for parameter estimates which can aid in future asteroseis-
mic studies of the cluster, for example helping to estimate
expected frequencies of target stars.
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